The DNAs of 17 isolates of varicella-zoster virus (VZV) were analysed by restriction endonuclease cleavage and agarose gel electrophoresis. By comparing gel patterns of DNAs cleaved with only a few enzymes, all epidemiologically distinct isolates were shown to be unique. Two isolates recovered from members of a family infected in a common-source outbreak were identical to each other (4/4 enzymes) but distinct from the other strains. In addition, three isolates recovered at different times during the course of a single episode of zoster in another individual were identical by endonuclease analysis (4/4 enzymes) but once again were distinct from all other isolates. The differences that have been recognized in cleavage profiles of all VZV strains reported thus far map into four regions of the viral genome. Two of these variable regions lie within the long unique sequences while the other differences appear to map in each of the inverted repeat sequences.
INTRODUCTION
Restriction endonuclease analysis has emerged as a powerful tool for molecular epidemiological investigation of herpesvirus and adenovirus infections (Buchman et al., 1978; K ilpatrick et al., 1976; Dambaugh et al., 1980; Wadell et al., 1980) . The loss or acquisition of DNA sequences or individual endonuclease cleavage sites results in changes in the size and hence in the migration of restriction fragments undergoing electrophoresis in agarose gels. Thus, even small DNA base sequence alterations may be detected and can be used to differentiate clinical strains of a virus.
Restriction analysis is therefore an obvious tool to help resolve existing questions regarding the transmission, latency, reactivation, and the potential for reinfection of varicella-zoster virus (VZV). In an early study, however, differences in the EcoRI or HindlII profiles of five VZV isolates were not discerned probably because of poor resolution of DNA fragments (Oakes et al., 1977) . More careful analysis of seven isolates with five enzymes permitted Richards et al. (1979) to observe small but consistent variations in the profiles of some VZV DNAs. Zweerink et al. (1981) showed clear differences in the gel profiles of two isolates with five of six enzymes and demonstrated that the profiles were stable over many in vitro passages. Straus et al. (1981) reported different EcoRI cleavage profiles for two VZV strains and showed that the cleavage profile of DNA isolated from virus in vesicle fluid was identical to that observed after several in vitro passages of an isolate. Recently, Martin et al. (1982) reported clear gel profile diffferences for five VZV strains relative to the profiles of VZV Oka (a candidate vaccine strain). Using three restriction enzymes (BamHI, BglI and HpaI) they could not show, however, that each of the six strains was unique.
Although the development of an understanding of the organization of the VZV genome has been slow, it has progressed sufficiently to allow us now to locate the regions of gel profile differences observed for many of the VZV strains in physical maps of the genome. A model of VZV DNA structure that is based upon endonuclease analyses and physical mapping of the genome has been postulated (Dumas et aL, 1981 ; Straus et al., 1981 Straus et al., , 1982 Ecker & Hyman, 0022-1317/83/0000-5423 $02.00 © 1983 SGM 1982). VZV DNA is believed to possess two isomeric forms which differ by inversion of only one genome segment. In this model, the DNA comprises a long unique sequence (UL) that is covalently linked to a short invertible genome segment. The short segment contains a unique sequence (Us) bracketed by identical but inverted terminal and internal repeat sequences (TR~ and IR~ respectively). For the present report, 17 VZV isolates recovered from 15 individuals were studied with up to seven enzymes each. We demonstrate that each epidemiologically unrelated isolate can be discriminated from the others when analysed with multiple enzymes. Moreover, the variations in gel profiles reported for clinical isolates in this and prior reports appear to derive from changes in four regions of the genome map.
METHODS
VZV strains and propagation. VZV strains Ellen, Oka and Webster are high passage (> 70) strains that were obtained from the American Type Culture Collection. VZV Scott is a relatively low passage (about 10) strain provided by M. Vincent. Low passage (about 4) isolates, AR and EE, were generously provided by R. Whitley. All other isolates were obtained by sterile aspiration of vesicular skin lesions of patients with varicella or zoster infections ( Table 1 ). The VZV strains were initially recovered in roller tubes of human diploid fibroblasts and passaged (at most four times) into large flasks and roller bottles of human embryonic lung fibroblasts (Flow, 5000 cell line) as previously described (Straus et al., 1981) DNA isolation and characterization. Viral DNA was extracted from purified VZV nucleocapsids, cleaved with restriction endonucleases, subjected to electrophoresis in slab gels containing 0-5~ agarose, and visualized after staining with ethidium bromide as described previously (Straus et al., 1981) . Alternatively, nick translation of DNA was carried out subsequent to restriction enzyme cleavage, using Escherichia coli DNA polymerase I and [32p]dCTP as described earlier (Straus et al., 1981) . The labelled fragments were separated on agarose gels and located by autoradiography.
The size differences among analogous DNA fragments of VZV isolates were estimated as follows: photographs of ethidium bromide-stained gels or of autoradiographs were examined with a magnifying lens ( x 4) fitted with an internal microscale. The extent of migration of fragments relative to fragments of known size in parallel lanes was measured; the differences were estimated and expressed as numbers of base pairs.
RESULTS
All VZV DNAs were cleaved in turn with at least four restriction endonucleases chosen from among seven enzymes (BamHI, BgllI, EcoRI, HindlII, PstI, SmaI and XbaI) and subjected to electrophoresis in 0"5~o agarose slab gels. * The restriction profiles of all isolates were compared with those of all other isolates. For each pair of isolates, some or all enzyme profiles appear to be different. This table shows the number of enzyme profiles for each pair of isolates that were different, divided by the total number of enzymes that were used in the comparisons. For example, VZV strain EE DNA was digested by four of the same enzymes that were used to digest VZV strain Ellen DNA. All four (4/4) of the digests of VZV Ellen DNA differed from the VZV EE DNA digests. t All three of the AG isolates are considered identical in these calculations (data not shown). PstI, SmaI or XbaI are shown in Fig. 1 (a to e) respectively. In each figure, the fragments that appear to differ in migration among the isolates are bracketed. Whereas some isolates could not be distinguished by cleavage analysis with a single enzyme, all epidemiologically distinct isolates appeared to be unique when a series of enzyme digest patterns was scrutinized. Table 2 shows a chequerboard analysis of 17 isolates. All possible pairs of isolates were compared, and the results are tabulated as the number of enzymes producing distinguishable gel profiles divided by the total number of enzymes studied. Restriction profiles of many of the isolates can be distinguished from those of all or nearly all other isolates by only one or two different enzymes. The D N A s of some sets of isolates, such as MG, BL and JS, and K M and GW, are rather similar, and several enzymes are required to discern differences. t In most cases, it was not possible to measure accurately the size of this fragment due to its co-migration with EcoRI F.
Proportion of enzyme digests differing for all pairs of VZV isolates*
:~ In many gels this fragment was difficult to discern. § Not measured. (Straus et al., 1982) . The two BamHI-J fragments map entirely within the inverted repeat sequences, but the order of the remaining smaller fragments in that region of the genome has not been fully determined. In addition, maps of a varicella isolate studied by Dumas et al. (1982) are shown after slight truncation. The Dumas maps were based upon an estimated genome size of 85 Mdal (megadaltons) while the VZV Ellen maps were derived using a genome size estimate of 79.5 Mdal. Solid bars depict genome regions known to vary among isolates. Hatched bars show genome regions which may vary but either the fragments were very large and one could not be sure of their differing migrations, or they co-migrated with other fragments and one could not reliably ascertain which fragment was variable. Below the maps is shown a composite map of genome differences and a schematic representation of the genome organization. UL, Unique sequence O f long genome segment; Us, unique sequence of short genome segment; IR~, internal repeat sequence; TRs, terminal repeat sequences.
Enzymes EcoRI, HindIII and Sinai appear most useful in distinguishing the VZV strains examined.
Most of the strains of VZV examined were derived from epidemiologically unrelated cases of varicella or zoster. As indicated above (Table 2) , each of those strains could be differentiated from all others on the basis of their gel profiles. Two strains (AL, ML) were recovered from members of a family who contracted varicella in a common-source outbreak. Fig, 2 shows analyses of the DNAs of these strains with the four restriction enzymes that were previously found to be useful in differentiating VZV isolates. Whereas these DNAs were clearly identical to each other, they were also easily distinguished from all other strains examined in ~is report. Similarly, isolates recovered from three separate vesicles that were aspirated at diff~ent times during the course of an episode of zoster in patient AG were identical to each other batdifferent from all other strains studied (data not shown).
Most of the variations among the VZV isolates seem to result from relatively small additions or deletions to the DNA sequences. Table 3 gives size estimates in base pairs of differences in specific restriction fragments for several isolates relative to VZV Ellen. The most striking differences involve the EcoRI-G fragment. Individual isolates examined thus far varied widely These reports include further analyses of some isolates that had been examined previously. § Not done.
in the size of this fragment, and the extent of difference between strains may be as much as 500 base pairs (compare BL and Webster). Variations in the EcoRI-P fragment were less commonly recognized and involved smaller changes. VZV Ellen DNA possessed the smallest fragments representing the inverted repeat sequences (EcoRI-E, F, J, with EcoRI-A being too large for strain differences to be discriminated); all other DNAs examined had larger fragments in that region, and the majority of these differed but slightly from each other.
It is apparent from the above analyses that for each restriction enzyme used only a few fragments of each isolate may differ. This suggested to us that the alterations in DNA sequence that characterize each clinical isolate are most likely to occur in a limited number of genome regions. To test this hypothesis, the variable restriction fragments were located in known enzyme maps of VZV DNA. BgllI, PstI and XbaI cleavage maps have been prepared by crossblot hybridizations (Dumas et al., 1981) . EcoRI and the data for partial BamHI and HindlII maps have also been reported (Ecker & Hyman, 1982; Straus et aL, 1982) . The VZV DNA restriction fragments which differ among the various isolates all appeared to map within four regions of the genome (Fig. 3) . The alterations occurred in a small region in the left-hand portion of the UL, in a larger region in the mid-portion of the UL and in each of the short invertible segments of the VZV genome. Although not shown here, all of the cleavage profile differences among HindlII digests (Fig. I b) occur in these same regions of the genome, as provisionally mapped by Ecker & Hyman (1982) . Table 4 shows an analysis of the current data and all previously published VZV DNA restriction profiles. A total of 31 different isolates have been examined to date. Most, if not all, of the isolates appear to differ from VZV Ellen in one or more of the four genome regions described above (Fig. 3) . There are no obvious changes in the migrations of fragments derived from other regions of the genome although cleavage maps for all other restriction enzymes employed are not yet available.
DISCUSSION
The data presented in this report indicate that alterations in the restriction endonuclease cleavage profiles permit the unambiguous discrimination of epidemiologically distinct strains of VZV from many other strains of the virus. Whether a small or large finite number of distinct VZV strains can be distinguished by this methodology is currently uncertain; however, by analogy to similar studies of herpes simplex viruses (Hayward et al., 1975) , we suspect that a very large number of epidemiologically unrelated strains can be discerned when several endonucleases are employed in their analyses. Moreover, the cleavage profiles which characterize an isolate appear to be relatively stable through many in vitro passages (Straus et al., 1981 ; Zweerink et al., 1981) as well as through the course of an individual infection in vivo (data from patient AG). Thus, endonuclease analysis can be used for molecular epidemiological investigations of VZV outbreaks with some confidence that the results would be interpretable and valid. Similar conclusions have been made in studies of other human herpesviruses as well as with adenoviruses (Buchman et al., 1978; Kilpatrick et al., 1976; Dambaugh et al., 1980; Wadell et al., 1980) . The alterations in restriction profiles which distinguish various VZV isolates are generally of a subtle nature. Whereas there are clear examples of the apparent gain or loss of individual fragments [e.g. compare the VZV KMcC BglI digest with that of VZV AW (Zweerink et al., 1981) ], most gel profile alterations result from the addition or deletion of sequences within individual cleavage fragments. For example, the migrations ofEcoRI-G, BamHI-F, PstI-E and XbaI-K fragments frequently vary among the isolates examined.
Two independent observations lead us to conclude that the alterations within the invertible genome segment occur primarily in the IR~ and the TP~ rather than in the Us region. First, our preliminary mapping data place the 2-molar VZV BamHI-J fragments (Fig. 3) (Straus et al., 1981) in IR~ and TRy, while BamHI-K, and R lie within Us. Our analyses and those of Martin et al. (1982) clearly show that the VZV isolates differ in the migrations of their BarnHI-J fragments and not in the neighbouring BamHI-K, R or S fragments. Second, additions or deletions within IR~ and TR~ should cause identical changes in the mobility of half-molar restriction fragments while changes in Us sequences would be likely to alter the migration of only two of the four half-molar fragments. That comparable changes are consistently observed in more than two half-molar fragments from a number of the strains is indicated in Table 3 . Estimates of the alterations in EcoRI-A could not be readily made because of its large size (approx. 10.8 x 106 daltons), but the data for the other half-molar EcoRI fragments suggest comparable additions in IR~ and TRs for any strain relative to VZV Ellen. It is further noteworthy that alterations in herpes simplex virus DNA sequences which characterize clinical isolates of these viruses have also been shown to map in the inverted repeat sequences (Hayward et al., 1975; Lonsdale et al., 1979) .
While all of the epidemiologically distinct VZV strains reported here are clearly different from each other, it is striking that the two isolates recovered from a mother and child in a single outbreak of variceUa (AL, ML) appear identical. A careful examination of the cleavage profiles of these isolates suggests the presence of two major DNA populations in each sample. Additional fainter and smaller EcoRI-G, SmaI-A, and HindlII-E bands are apparent. All of these fragments map in the same region of the genome ( Fig. 3 ; Ecker & Hyman, 1982;  S. E. Straus & J. Hay, unpublished observations). We cannot determine whether this finding implies that AL and ML were infected simultaneously with multiple VZV populations or that an alteration in sequence of part of the VZV populations occurred during in vitro passage. Since we have not observed similar sequence changes following numerous passages of other isolates, we are inclined to favour the first hypothesis. Regardless of these considerations, the endonuclease analyses of VZV AL and ML DNAs represent the first biochemical evidence for person-toperson transmission of a strain of VZV.
The origin and the nature of the sequence changes that characterize the isolates are undefined. Presumably, multiple passages of VZV in the community by person-to-person spread can be associated with sequence alterations in genomic regions that are not critical to the successful replication and transmission of virus. This may be roughly analogous to the changes in similar genome regions which are observed following numerous serial passages in cell culture (Zweerink et al., 1981) . Studies to assess the stability of genome structure through multiple passages of virus in a community-wide epidemic of varicella are continuing.
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